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Abstract
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and Biomedical Engineering Department, June 2021.
ADVISOR: Professor James Hedrick

Electrical malfunctions are one of the leading causes of domestic fires in the
United States. Between 2012 and 2016, electrical failures were responsible for 44, 860
residential fires (Richard Campbell, “Home Electrical Fires”). All electrical circuits
contain circuit breakers, which are used as safety mechanisms to interrupt current flow
when a fault develops. It is not always possible to determine if an electrical fire resulted
from a circuit breaker malfunction. Thus, it would be beneficial to have a cost-effective
and user-friendly system that allows people to test the circuit breakers in their homes
regardless of their technical background. The purpose of this capstone project is to
develop a reliable and cost-effective automated system capable of testing multiple
residential circuit breakers to determine their trip response in the event of a circuit
fault.
The automated system adopts the UL 489 test procedure from the Underwriters
Laboratories (UL) to test the circuit breakers. The system contains a computercontrolled power supply that outputs a variable current which generates enough heat to
trigger the circuit breaker under test. Moreover, the system uses a solid-state
bidirectional current controller known as a TRIAC to regulate the current delivered to
the circuit breaker being tested. Overall, the automated system can be used to test new
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and currently installed circuit breakers to determine whether they are capable of
preventing electrical fires.
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1. Introduction

1.1 Problem Definition
Electricity is a powerful discovery that has many uses in our daily lives. It is used
in households to power basic appliances such as air conditioners, stoves, and
refrigerators. Electricity is also important in other institutions such as health facilities.
For example, modern medicine relies heavily on electronic devices to perform lifesaving procedures. Given the many uses of electricity, it is undeniably an essential
energy source. However, electricity can become hazardous when high electrical current
is being conducted. When too much current flows in an electric circuit, there is potential
for fires and equipment failures, which can cause casualties. Therefore, some safety
features such as circuit breakers and fuses are installed in electrical systems to
counteract the consequences of circuit overloads.
Between 2012 and 2016, fire departments responded to “an estimated average of
44,860 residential fires involving electrical failure malfunction each year” [1]. Home
fires caused by electrical malfunctions between 2012 and 2016 accounted for “$1.3
billion in property damage, 440 civilian deaths, and 1250 civilian injuries” [1]. Some
leading causes of electrical fires in residential buildings include faulty outlets and
appliances, light fixtures with high wattage, and outdated wiring that no longer have the
capacity to handle new devices with higher current ratings. To minimize the impacts of
electrical damages, circuit breakers are used as safety mechanisms to interrupt current
flow until the electrical malfunction is safely addressed. Circuit breakers must be
reliable and capable of controlling the electrical power if immediate disconnection is
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needed. Thus, the proper maintenance of a circuit breaker is crucial for preventing
costly damages to electrical systems [2].
1.2 Project Goal
Fire investigations conducted across the United States do not show the
relationship between fire losses and circuit breaker malfunctions. The inability to
associate fire losses to circuit breaker failure rates stems from investigating the origins
of house fires as opposed to the trip performance of the circuit breakers at the time of
the fire. Thus, this capstone project aims to analyze the trip performance of residential
circuit breakers through a reliable and cost-effective automated system. The circuit
breakers will be tested through computer-controlled power supply modules that are
capable of outputting a variable RMS current to the breakers under test. Although
multiple circuit breakers can be tested simultaneously using a PC, the breakers require
separate power supply modules since they all draw current from the same source.
Besides, the components needed to build the automated system are inexpensive as a
result of using an AC source. Therefore, multiple power supply modules can be
manufactured to test the desired amount of circuit breakers. Overall, the Circuit Breaker
Failure Analysis System is a useful tool for learning about circuit breaker testing and the
steps for assembling a system through careful selection of parts that satisfy a given set of
design requirements.
1.3 Report Overview
The Circuit Breaker Failure Analysis System implements circuit breaker testing
through a power supply and a computer-controller. The power supply is broken down
into three essential circuits, which are a zero-crossing detector, an isolation circuit, and
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a computer-set current controller. These circuits are explained in greater detail in the
design section of the report. Before analyzing the internal construction of the power
supply and the preliminary testing results, I will discuss the previous research that has
been done on the topic and the required test standard set in place by the Underwriters
Laboratories for evaluating domestic circuit breakers. The report also includes design
limitations such as safety and potential users, but more importantly, an alternative
TRIAC circuit is suggested for implementing current control. Lastly, I will discuss the
design milestones that were not fully implemented this trimester, and a detailed costanalysis to emphasize the affordability of the power supply.

2. Background
2.1 Previous Work
Circuit breakers and fuses are installed in electric circuits to minimize the risks of
ignition. The purpose of circuit breakers and fuses is to protect electric circuits against
overcurrent, short-circuit conditions, and ground faults. Nowadays, electric circuits in
homes are protected by circuit breakers instead of fuses because a circuit breaker can
interrupt current flow without causing damages to itself, whereas a fuse disintegrates
when overheated.
In the U.S, fire investigators have been unable to identify circuit breaker
malfunctions as a contributing factor to home electrical fires, and thus electrical faults
are usually listed as the cause of ignition. To estimate the contribution of defective
circuit breakers to annual fire losses, Dr. Jesse Aronstein, a consulting engineer who
focuses on electrical failure analysis, collaborated with professor Richard Lowry of
Vassar College to analyze the failure rates of a particular circuit breaker known as the
3
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FPE-Stab-Lok. Dr. Aronstein and Professor Lowry published a paper in IEEE titled
“Estimating Fire Losses Associated with FPE Stab-Lok Circuit Breaker Malfunction” in
which they claimed that the failure rate of those circuit breakers “varies from brand to
brand, and is essentially zero for some brands and significant for others as
demonstrated by the Underwriters Laboratories” [3]. Dr. Aronstein and professor Lowry
tested single-pole and double-pole FPE Stab-Lok circuit breakers rated at 15 amps, 20
amps, and 40 amps, and these breakers are installed in large numbers in residential
buildings [3]. Two populations of FPE Stab-Lok circuit breakers were tested and the
results listed in table 1 and table 2 show that the majority of FPE Stab-Lok circuit
breakers are unreliable. Dr. Aronstein tested 830 FPE Stab-Lok circuit breakers in
apartment buildings and compared the results to that of another 830 circuit breakers
tested in 35 homes across the United States. Both test results are shown in table 1 and
table 2:

Table 1: Summary of Dr. Aronstein’s test results for “830 circuit breakers tested from a 63-unit
apartment building to demonstrate failure rate of FPE Stab-Lok circuit breakers” [3]
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Table 2: Summary of Dr. Aronstein’s test results for “830 FPE Stab-Lok circuit breakers from 35 homes
across the United States” [3]

The FPE Stab-Lok circuit breakers were tested based on the UL 489 test criterion
set by the Underwriters Laboratories. The UL 489 test standard is a mandated
procedure for testing domestic circuit breakers to evaluate their trip performances.
Moreover, the UL 489 test standard states that domestic breakers must trip within an
hour of a test cycle at 135% of the breakers’ current rating. If a circuit breaker does not
meet the 135% current threshold, it is classified as defective. Also, the test results listed
in table 1 and table 2 show that the majority of the circuit breakers tested by Dr. Jesse
Aronstein, whether double-pole or single-pole, failed to trip accordingly, thus not
meeting the required test standard. This is a major setback in fire safety prevention
since the tested circuit breakers are currently installed in residential buildings.
The Circuit Breaker Failure Analysis System excludes industrial circuit breakers
and can only be used to test domestic breakers. This is because industrial circuit
breakers are held to a different test standard that is more rigorous than the UL 489 test
guideline provided for residential circuit breakers.
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2.2 Circuit Breaker Testing Procedure
The Circuit Breaker Failure Analysis System will follow the mandated UL 489 test
procedure to determine the reliability of the circuit breakers within a three-hour test
period. Suppose a thermal circuit breaker rated at 20 amps is being tested. Initially, a
user initiates a test cycle by applying 100% of the breaker’s current rating, and the
applied current steadily increases until the circuit breaker is triggered, as indicated in
figure 1. If the breaker fails to trip within the first hour of the test cycle, the applied
current is linearly increased to 135% of the current rating and is held constant for an
additional hour. If the trip mechanism of the circuit breaker is not released within the
second-hour mark, the applied current is linearly increased to 150% of the current
rating and the circuit breaker may or may not trip within the third-hour mark [3]. As
shown in figure 1, the circuit breaker has successfully tripped and the test current drops
to zero within the first hour. In figure 2, the circuit breaker is said to be in marginal
operation because the trip mechanism is released within two hours at 135% of the rated
current. Figures 3 and 4 depict two types of failure behaviors. In figure 3, the circuit
breaker trips at a current value that is above the 135% threshold. In Figure 4, the circuit
breaker is said to be jammed, meaning that the breaker can sustain 150% of the current
rating and does not trip at any applied current [3].

Tripped
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Figure 1: Correct operation of 20A FPE Stab-Lok breaker [3]

Tripped

3
Figure 2: Marginal Operation of 20A FPE Stab-Lok breaker [3]

Tripped

Figure 3: Calibration failure of 20A FPE Stab-Lok breaker [3]

Figure 4: Jammed 20A FPE Stab-Lok breaker [3]

Although a jammed circuit breaker fails to trigger at any applied current, its
latching mechanism is usually released but fails to open the point of contact that breaks
open the circuit to alter the flow of current. In figure 5, a double-pole thermal circuit
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breaker has successfully tripped. Point A is disengaged from the bimetallic strip at point
B, which opens both sets of contact at point C. In figure 6, point A and point B are
disconnected, but both sets of contact at point C remain closed [3]. Therefore, the circuit
breaker is said to be jammed and will sustain any applied current. This phenomenon
presents a major concern in fire safety since a jammed circuit breaker cannot interrupt
current flow in an electric circuit.

Figure 5: X ray image of a tripped FPE Stab-Lok breaker [3]

Figure 6: X ray image of a jammed FPE Stab-Lok breaker [3]

2.3 Design Impacts
The Circuit Breaker Failure Analysis System has the following specifications:
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2.3-1 Safety
The power supply is designed to handle a large amount of current, which can
jeopardize the safety of the user. More specifically, the power supply will output between
0 to 60 amps RMS to the circuit breakers. Thus, the user must be protected from the
potential harm caused by excess current. Typically, 50 milliamperes of electric current
or more can lead to respiratory arrests, severe muscle contractions, and even death [4].
To ensure safety, the power supply is equipped with a step-down transformer that
isolates the AC source from the load. Thus, there are no physical or electrical
connections between the primary and secondary windings of the transformer, which
means that the connection is done through magnetism. As a result, the user can easily
troubleshoot the power supply with no risks of electric shock. The final design will be
constructed on a metal base grounded to AC ground to provide short and shock
protection.
2.3-2 Potential Users
The Circuit Breaker Failure Analysis System is fully automated, meaning that
anyone can use it without any prior knowledge of electrical systems. However, a
designer who wishes to recreate the system must have some level of proficiency in
Arduino programming and MATLAB. A lack of familiarity with tools and components
such as oscilloscopes, function generators, and transformers may be a limiting factor for
a more general audience.
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2.3-3 Additional Tests: Mechanical and Short-Circuit Tests
To ensure a proper operation of the circuit breakers, whether domestic or
industrial, a thorough test procedure should involve additional testing requirements
such as mechanical and short-circuit tests. The mechanical test guarantees the reliability
of the circuit breakers through “the repeated opening and closing of the breakers to
ensure that their trip mechanisms are released at a proper speed without failure” [2].
Circuit breakers should also be checked for their abilities to respond to short-circuit
conditions.

2.4 Ethical Considerations
The system is designed such that the user has limited interactions with the power
supply as a test cycle is being conducted. The overall system is automated, thus the
user's only interaction with the power supply is through the use of a computer-controller
for the initiation of a test cycle. Once the test cycle is initiated, the power supply
regulates the RMS current delivered to the circuit breaker through an Arduino program
that controls the firing angle of the TRIAC, which in turn regulates the RMS current.
The power supply is also equipped with a 4:1 step-down transformer that isolates the
system from a 120V AC input. Overall, the automated system is designed to ensure
maximum safety, therefore, the power supply is constructed on a metal base grounded
to AC ground to provide shock and short circuit protection.
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3. Design Requirements
3.1 General Specifications
The input to the power supply is a commercial outlet rated at 120VAC and 60 Hz.
The power supply also contains three essential circuits, which are a zero-crossing
detector, an isolation circuit that separates the voltage source from digital pin 13 of the
microcontroller, and a computer-set current controller that regulates the RMS current
applied to the circuit breakers. Since the power supply is powered by a 120VAC outlet, a
4:1 step-down transformer is used to step-down the 120VAC source to 30.5V RMS,
which is a more desirable voltage level for the components used in the power supply.
The automated system essentially works as a feedback loop and a test cycle is
initiated by setting the test current to 100% of the circuit breaker’s current rating. Then,
the zero-crossing detection circuit identifies the points where the input sinusoidal
waveform crosses the time axis to send a hardware interrupt to the input pin of the
microcontroller. More specifically, the hardware interrupt is a pulse applied to digital
pin 2 of the microcontroller as soon as the zero-crossing points occur. Upon seeing the
interrupt, the Arduino program temporarily alters the execution of the current
instruction to run the Interrupt Service Routine or ISR, which contains specific
instructions regarding the start time-delay and width of the output pulse that
determines the TRIAC’s firing angle. The firing angle of the TRIAC is adjusted in the
Arduino program based on the current value set by the computer. Additionally, the RMS
load voltage at the output of the TRIAC circuit can be calculated using the equation
Vload = √ ( vpeak *(2π-2φ + sin(2φ) ⁄ 4π)) where Vload is the voltage across the load,
Vpeak is the peak voltage of the TRIAC’s conduction waveform, and φ is the firing angle
11
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of the TRIAC. For instance, if the computer-controller sets a current value that is
proportional to a 90-degree firing angle of the TRIAC, the Arduino program would
adjust the previous firing angle such that the load voltage is equivalent to 21.7V RMS at
90 degrees.
Since the circuit breaker under test is thermal, its trip mechanism is triggered by
heat dissipation, and the RMS current that causes the heat ranges between 0 to 60 amps
at the output of the power supply. The circuit breaker is attached to a shunt that has a
small resistance of 0.0033 ohms resistance, and the voltage at the secondary side of the
toroidal transformer is 0.2V RMS. Thus, a small voltage and resistance value enable the
power supply to output up to 60 amps, RMS. Lastly, an A/D converter is used to
measure the current across the shunt, and those current values are stored in a MATLAB
file to generate current vs. time plots that allow the user to categorize the circuit breaker
as operational or defective.

3. 2 Computer-Controller
A computer is used to initiate a test cycle by applying 100% of the circuit
breaker’s current rating. The computer must be able to send commands to the Arduino
to adjust the firing angle of the TRIAC so that the power supply outputs the desired
current to the circuit breaker and shunt. Moreover, a MATLAB file is used to store the
current values measured at the shunt to generate current vs. time plots that follow the
test curves derived from the UL 489 test standard (see figures 1-4).
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3.3 Power Supply
The power supply must be capable of producing a variable RMS current between
0 and 60 amps.

3.4 Computer-Set Current Controller
The test current set by the computer must be maintained between 0 and 60
amps, and the RMS current at the primary side of the toroidal transformer must be +/0.5 amps. A TRIAC is also used to implement current control at the primary of the
toroidal transformer. Moreover, the current across the shunt must be measured by an
analog-to-digital converter such that the current values stored on the computer allow
the Arduino program to change the firing angle of the TRIAC.

3.5 Circuit breakers
The variable RMS current at the output of the power supply generates heat to trigger the
circuit breakers.

3.6 Safety
To prevent electric shock, a 4:1 step-down transformer is used to bring down the
120VAC supply to 30.5V RMS, allowing the user to troubleshoot the power supply if
needed.

3.7 Affordability
The parts needed to build the power supply are inexpensive. Thus, multiple
power supply modules can be manufactured to test several circuit breakers
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simultaneously. However, each circuit breaker requires its own power supply, meaning
that the circuit breakers cannot be connected in parallel because they draw current from
the same source. Since the power supply is relatively cheap to manufacture, multiple
modules can be produced to test the desired number of circuit breakers. See table 3 for a
cost analysis of the automated system.

4. Design Alternatives

4.1 Using Direct Current Instead of Alternating Current in The Power
Supply
Since thermal circuit breakers are triggered by heating, the input AC source has
an RMS value that generates enough heat to activate the breakers’ trip mechanism. The
RMS current, which stands for Root-Mean-Square, is the DC equivalent of alternating
current, which also means that DC power can be used in the power supply. To use DC,
solid-state transistors with high levels of heat dissipation are needed to control the
variable current (0-60A) and to trigger the circuit breakers. These solid-state transistors
are expensive, which contradicts the affordability criterion of the automated system. The
alternating current, on the other hand, has an RMS value that creates enough heat to
trigger the circuit breakers, and a TRIAC is used to control the positive and negative half
cycles of the AC sinusoid at the primary of the step-down transformer.
4.2 TRIAC Trigger Circuit
The computer-Set Current Controller can implement current control through a
TRIAC/DIAC circuit configuration. While the TRIAC is excellent for AC switching
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applications, it fires asymmetrically due to its internal construction, which involves two
thyristors connected in reverse parallel. The TRIAC does not fire at the same gate
voltage for both polarities, resulting in harmonics being generated. The more harmonics
a TRIAC produces, the less symmetrical it fires. To fix the asymmetrical firing of the
TRIAC, a Diode AC Switch also known as a DIAC is placed in series at the TRIAC’s gate
to even out the positive and negative half-cycles of the AC sinusoid [5]. It is difficult to
trigger the TRIAC with the resistor and capacitor shown in figure 7. As a result, an
Arduino code is used in the final design to ensure a correct firing angle of the TRIAC,
which turns OFF only when its gate voltage is 0V. Figure 7 depicts the proposed
TRIAC/DIAC output circuit for implementing current control:

Figure 7: Circuit Diagram of TRIAC trigger circuit with DIAC configuration
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Figure 8: Simulation results for TRIAC/DIAC circuit depicting the input AC Waveform, the TRIAC
conduction waveform, and the RMS waveform

In figure 7, the capacitor and 30k ohms resistor serve as a time constant. As the
capacitor charges and discharges, it causes a phase shift between the input sinusoid and
the TRIAC output waveform shown in figure 8. In addition, the RMS waveform is the
DC equivalent of the AC sinusoid, and the RMS current produces the same heating effect
as a DC power supply to trigger the circuit breakers. For the scenario shown in figure 8,
the TRIAC fires at approximately 3ms or 60 degrees and the peak voltage of the sinusoid
is 169.68V, and this voltage value is obtained by dividing the input voltage (120VAC) by
(1/√2). As a result, the corresponding RMS voltage is 107.61V using the equation
√ (vpeak *(2π-2φ + sin(2φ) ⁄ 4π)). The TRIAC conducts at the positive and negative
half-cycles of the AC input but turns off when the gate voltage and current drop to 0. In
other words, the TRIAC does not trigger when there is no pulse applied to its gate.
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5. Design & Implementation
The proposed design for the Circuit Breaker Failure Analysis System is shown in
figure 9. The input to the power supply is a standard 120VAC commercial outlet, and the
output is an RMS current that varies between 0 and 60A. The power supply is connected
to a computer that determines the test current applied to the circuit breaker. This test
current is regulated by the 2N6071A TRIAC whose firing angle controls how much
current is delivered to the circuit breaker. An A/D converter reads the current values
across the shunt, and these values are stored in the computer, which generates current
vs. time plots to illustrate the circuit breaker’s trip performance. The RMS current read
by the A/D converter allows the computer to adjust the test current, prompting the
Arduino program to modify the firing angle of the TRIAC. For example, if the test
current is equivalent to a zero-degree firing angle, then the TRIAC will stay in
conduction for an entire half cycle of the AC waveform. Upon reading the current values
measured by the A/D converter, if the computer changes the test current to a value that
is equivalent to 90 degrees, then the TRIAC will conduct for half the duration of a halfcycle (see figures 15 and 21).

The figure below is an overview of the Circuit Breaker Failure Analysis System.
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Figure 9: Overview of Circuit Breaker Failure Analysis System

The power supply contains three essential circuits, which are a zero-crossing
detector, an isolation circuit, and a computer-set current controller. The internal
breakdown of the power supply is shown below:
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Figure 10: Internal breakdown of the power supply

5.1 Zero-Crossing Detector Circuit
Zero-crossing is the point where a sinusoidal voltage crosses the time axis. In the
power supply, zero-crossing detection is used so that the H11AA1 optocoupler can
generate a pulse that serves as a hardware interrupt. The interrupt signals the Arduino
program to produce an output pulse that triggers the TRIAC. The zero-crossing detector
circuit shown in figure 11 is a modified version of the model created by Lewis Loflin [6].
Loflin’s model has been adjusted to fit the design requirements of the power supply.
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Figure 11: Zero-crossing detection circuit derived from Loflin’s model

5.1-1 Step-Down Transformer
A step-down transformer is used in the zero-crossing detection circuit to transfer
power from the 120VAC supply to the input of the H11AA1 optocoupler while isolating
the AC source to ensure safety. There is no physical or electrical connection between the
primary and secondary windings of the transformer and the link is done by magnetism.
The transformer works as follows:
1. The input voltage pushes current into the primary coils of the transformer
2. The primary current creates a magnetic flux
3. The magnetic flux induces a voltage on the secondary coils
4. The secondary voltage pushes current out of the secondary coils.
The transformer used in the power supply is shown in figure 12. It has a 4:1 ratio and
steps down the 120VAC supply to 30.5V RMS.
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Figure 12: Transformer used to step down the 120VAC supply to 30.5V RMS

5.1-2 H11AA1 Optocoupler
An optocoupler is a semiconductor device that isolates electrical circuits. Unlike
the step-down transformer that passes electrical signals through magnetism, the
optocoupler contains LEDs that emit infrared light, which is detected by a photosensor
to produce an AC signal at the optocoupler’s output. The light emitted by the LEDs is
proportional to the current going through the device, and if the light is obstructed, the
optocoupler turns off [7].
The optocoupler used in the zero-crossing detector circuit is an H11AA1 model
with an AC input and a phototransistor output. When the AC waveform crosses the time
axis, the collector of the phototransistor goes HIGH and gives a brief pulse between 0
and 9V to digital pin 2 of the microcontroller. Under no circumstances should the 30.5V
RMS reach the input pin of the microcontroller, thus the optocoupler is used to isolate
the voltage at the secondary side of the step-down transformer. The optocoupler has
also been tested and there is a 5300V RMS isolation voltage on pins 1 and 2. However,
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the isolation voltage does not get transferred to the collector of the phototransistor.
Consequently, the isolation voltage will not reach the input pin of the microcontroller.
See figure 13 for the H11AA1 optocoupler’s internal construction.

Figure 13: H11AA1 Optocoupler

5.1-3 Interrupt Service Routine
Each time the zero-crossing points occur, the optocoupler applies a pulse to the
input pin of the microcontroller. This pulse serves as a hardware interrupt, and it
prompts the Arduino program to execute a function called an Interrupt Service Routine
or ISR. The ISR contains crucial information regarding the start-time and width of the
output pulse that triggers the TRIAC into conduction. The start-time corresponds to the
firing angle of the TRIAC, which also regulates the amount of RMS current that goes to
the circuit breaker. The output pin of the optocoupler (pin 5) is connected to digital pin
2 of the microcontroller, and digital pin 13 is connected to the TRIAC’s gate.
To comprehend how the Interrupt Service Routine controls the TRIAC’s firing
angle, consider the code shown in figure 14. The TRIAC is set to trigger at 4167
microseconds or 90 degrees from the zero-crossing, and this value can be adjusted using
the first “DelayMicroseconds'' command located in the void loop () section. The width of
the output pulse applied to the TRIAC’s gate is indicated by the subsequent
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“DelayMicroseconds'' command which is set to 1500 microseconds. Once the ISR is
executed, the TRIAC fires at 4.16 ms as shown in figure 15, which is equivalent to 90
degrees. The voltage at the TRIAC’s output can be calculated using the equation Vload =
√ (vpeak *(2π-2φ + sin(2φ) ⁄ 4π)) where Vpeak corresponds to the peak voltage of the
AC input and φ the trigger angle of the TRIAC. For a 90-degree firing angle, the voltage
at the TRIAC’s output is 21.78V RMS.

Figure 14: Interrupt Service Routine
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Figure 15: TRIAC Conducting waveform and output pulse triggered at 4.16 ms or 90 degrees

One cycle of the input AC waveform begins at 0 degrees and ends at 360 degrees
and the TRIAC can be triggered anywhere along the waveform. The time values
indicated on the sinusoid are important for setting up the trigger angle of the TRIAC in
the ISR.

Figure 16: Time values in milliseconds with their respective TRIAC trigger angles
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5.1-4 Arduino Mega 2560
The Arduino Mega 2560 is a microcontroller board with 54 digital I/O pins and
16 analog inputs [8]. The microcontroller is powered by a PC through a USB cable, and
digital pin 2 is connected to the collector of the H11AA1 optocoupler to receive the
interrupt pulse. Meanwhile, digital pin 13 is connected to pin 3 of the 2N6071A TRIAC
to apply the trigger pulse. The microcontroller shares a common ground between
optocouplers H11AA1 and H11A1, and a 2N3904 transistor. See the figure below for the
microcontroller board:

Figure 17: Arduino Mega 2560 microcontroller board with indicated input and output pins used

5.2 Isolation Circuit
The isolation circuit shown in figure 10 separates the 120VAC supply from digital
pin 13 of the Arduino board through an H11A1 optocoupler that has an isolation voltage
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rated at 4420V RMS. The H11A1 optocoupler contains a single LED that emits light to a
phototransistor whose collector is connected to a 9V battery. The isolation circuit also
contains a 2N3904 NPN silicon transistor with its base connected to the TRIAC’s gate.
In addition, there is a 0.507K ohms current-limiting resistor at the optocoupler’s input
to prevent any unwanted voltages from damaging the microcontroller. See Appendices G
and I for the H11A1 optocoupler and 2N3904 transistor datasheets.

5.3 Computer-Set Current Controller
The computer-set current controller is designed to regulate the RMS current
provided to the circuit breakers and to allow the PC to store the current values read by
the analog-to-digital converter. The computer-set current controller is not fully
implemented due to the challenges posed by the toroidal transformer. After connecting
the transformer to the TRIAC circuit, the conduction waveforms generated for different
trigger angles were different from the ones that we obtained before adding the
transformer. However, the TRIAC circuit shown in figure 19 functions properly without
the toroidal transformer.

5.3-1 Toroidal transformer
The toroidal transformer has a 10:1 ratio and it is used to step down the 120VAC
to a safer voltage level. It contains a single ferromagnetic core around which the primary
and secondary coils are wrapped around. I used the shunt's rated values along with the
UL 489 test standard suggested by the Underwriters Laboratories to compute the
primary and secondary voltage and current values. See Appendix A for a step-by-step
calculation of the primary and secondary voltage and current values.
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5.3-2 TRIAC
A TRIAC, also known as a Triode Alternating Current, is a four-layer
semiconductor device of the order n-p-n-p or p-n-p-n. The TRIAC is used for
bidirectional current control because it contains two thyristors connected in reverse
parallel, which makes it excellent for AC applications. The main difference between a
TRIAC and a Silicon Controlled Rectifier or SCR is that the TRIAC can control both the
positive and negative half cycles of an AC waveform whereas an SCR is unidirectional.
The TRIAC also contains three terminals which are the gate, Main Terminal 1 or MT1,
and Main Terminal 2 or MT2. Lastly, the TRIAC operates by latching, meaning that it
turns ON when a single pulse is applied to its gate. Once the TRIAC is in forward
conducting mode, it cannot be turned OFF by simply removing the current at the gate.
Thus, the current shared between Main Terminal 1 and Main Terminal 2 must be
reduced to zero to switch off the TRIAC [9].
Since the TRIAC is made of two thyristors as shown in figure 18, the device
sometimes fires asymmetrically due to the differences between the two halves. The less
asymmetrical the TRIAC fires, the more harmonics are generated in the system [10].
Thus, the TRIAC circuit discussed in the Design Alternatives section contains a DIAC or
Diode AC switch that is connected in series with the TRIAC’s gate to ensure a more
symmetrical firing. Figure 18 and figure 19 depict the internal construction of the TRIAC
and the output circuit where the load is replaced by a 470 ohms resistor:
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Figure 18: Internal construction of a TRIAC [9]

Figure 19: Computer-set current Controller with transient suppression at the primary of the toroidal
transformer

The TRIAC used in the power supply is a 2N6071A model with a 10mA trigger
current and a 2.5V trigger voltage. The 2N6071A model operates at a 15mA holding
current, which is the minimum current needed for the TRIAC to remain in the ON state.
Each time the optocoupler detects the zero-crossing points, the Arduino board applies a
9V pulse to the gate of the TRIAC, which turns it ON. Depending on the test current set
by the PC, the firing angle of the TRIAC either increases or decreases to regulate the
amount of current applied to the circuit breakers. The load voltage at the output of the
TRIAC also varies depending on the present firing angle, and this voltage can be
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calculated using the equation Vload = √ ( vpeak *(2π-2φ + sin(2φ) ⁄ 4π)) where
Vpeak corresponds to the peak voltage of the AC input and φ the trigger angle of the
TRIAC.
5.3-3 Shunt
The shunt and circuit breaker under test are connected in series at the secondary
side of the toroidal transformer. I assumed an ideal scenario for the transformer;
therefore, the input and output power are both equal to 60 W. We also assumed a zeroresistance value for the circuit breaker, and the wires used throughout the power supply
have a small resistance. The RMS current is dissipated across the shunt, which has a
0.0033 ohms resistance. The resistance of the shunt is small to produce a low voltage of
0.2Vrms at the secondary of the transformer. Since the circuit breaker is tripped by
heating, then the RMS voltage can be small to create a larger RMS current.
5.3-4 Analog-To-Digital-Converter
The A/D converter used to read the current across the shunt is the ADALM2000,
a USB powered tool with a built-in oscilloscope and function generator. The
ADALM2000 works with a software graphical tool called Scopy that enables the user to
obtain graphical data. The output of the A/D converter is connected to the computer
through a USB cable, and it reads the current across the shunt by discretizing the
continuous voltage signal. The values are stored in the PC to plot current vs time graphs
to illustrate the circuit breaker’s performance.
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6. Preliminary Testing Results
The H11AA1 optocoupler successfully detected the zero-crossing points of the AC
input sinusoid. As shown in figure 20, the optocoupler’s output waveform is perfectly
aligned with the zero-crossing points, which means that an interrupt is generated each
time the input sinusoid crosses the time axis. To ensure a proper operation of the ISR, I
manually altered the firing angle of the TRIAC in the code and plotted the
corresponding TRIAC conduction waveforms. The sinusoid shown in figure 16 played an
important role in determining the firing angles and their corresponding time values. In
figure 21, the TRIAC is fired at 0 ms or 0 degrees, which means that 100% of the RMS
current is delivered to the load. But in figure 22, the TRIAC is triggered at 3 ms or
approximately 60 degrees, thus less current is delivered to the load. Overall, the greater
the firing angle of the TRIAC, the lower the RMS current delivered to the circuit breaker
and vice versa. See the figures below for the H11AA1 optocoupler’s output waveform and
the TRIAC conduction waveforms generated at 0 ms and 3 ms, respectively.

Figure 20: AC sinusoid and H11AA1 optocoupler output generated at the zero-crossing points
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Figure 21: TRIAC waveform and output pulse generated at 0 ms or 0 degrees

Figure 22: TRIAC waveform and output pulse generated at 3 ms or 60 degrees

6.1 Recommendations & Future Work
The zero-crossing detection and isolation circuits are fully implemented and work
as expected. However, the toroidal transformer must be added to the computer-set
current controller to complete the construction of the power supply. One solution is to
replace the toroidal transformer with another one of the same ratio and add the TRIAC
circuit to the transformer's primary side. The TRIAC also needs a heat sink since the
current delivered to the load can increase up to 60A RMS. Once the toroidal transformer
is added, the ADALM2000 will be connected across the shunt to read the current values,
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which will be stored on the computer-controller. Lastly, the UL 489 test procedure will
be implemented using the power supply to determine the performance of the circuit
breakers. Then, a MATLAB file will be created to plot current vs. time graphs that
illustrate the breakers’ response to the test conditions. Once the automated system is
fully operational, it can be used by consumers who are interested in learning about the
trip performance of residential circuit breakers.

7. Production Schedule
In the fall, I spent a great deal of time researching the different components that
make up the power supply, with a strong emphasis on the TRIAC and the procedure for
testing thermal circuit breakers. I also researched the problem definition and developed
a block-diagram containing the main components of the automated system. Between
week five and week eight of the fall trimester, I worked with Professor Hedrick to design
the alternative TRIAC circuit on Multisim, and the process took longer than expected.
While it was important to devise a schedule for the fall trimester, I had difficulty keeping
up with the deadlines that were set for each task as a result of being too ambitious.
However, I have made significant progress during the winter term and completed the
zero-crossing detection circuit and the Interrupt Service Routine. I ran into some
difficulties with the ISR since the TRIAC circuit was not responding to the output pulse
of the microcontroller. For example, I manually altered the firing angle of the TRIAC in
the ISR, but the test curves generated on the oscilloscope showed that the TRIAC was
not responding to those changes. Thus, I added the commands sei (); and cli (); in the
ISR, and each command respectively enabled and disabled the interrupt. I changed the
width of the output pulse to 1500 microseconds, and these modifications resulted in a
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successful operation of the Interrupt Service Routine. Due to time constraints, the
computer-set current controller is not fully implemented, and the toroidal transformer
and shunt must be added so that the ADALM2000 analog-to-digital converter can read
the current values across the shunt. Lastly, a MATLAB file must be created to display the
current measurements stored by the PC and to graphically display the circuit breakers’
response to the applied current. Below is a Gantt chart depicting the timeline of the
project:

Figure 23: Timeline of the tasks completed during the fall and winter trimesters
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8. Cost Analysis
The table below shows a list of the components used to build the power supply
including the materials that were already provided by my thesis supervisor and the
ECBE department. Note that multiple of the same items were purchased to minimize
any delays caused by the lengthy shipment of some of the parts listed. The total cost
listed in table 4 excludes the parts that were provided by Professor Hedrick and the
ECBE department. Overall, the estimated cost to build a replica of the power supply is
$230, and this amount includes the cost of the items that were already provided.
Parts

Quantity
purchased

Part
Number

Supplier

Unit Cost

Subtotal

Step-down
transformer

Provided by
ECBE
department

-----------

-----------

-----------

-----------

1k ohms
resistor

Provided by
ECBE
department

-----------

-----------

-----------

-----------

H11AA1
optocoupler

5

751-1276-5-ND

Digikey

$ 1.31

$6.55

Arduino
Mega 2560

Provided by
Prof. Hedrick

-----------

-----------

-----------

-----------

9v DC battery

Provided by
Prof. Hedrick

-----------

-----------

-----------

-----------

H11A1
optocoupler

10

751-1273-5ND

DigiKey

$0.73

$6.44

507k ohms
resistor

Provided by
ECBE
department

-----------

-----------

-----------

-----------

1.4k ohms
resistor

Provided by
ECBE
department

-----------

-----------

-----------

-----------

2N3904
transistor

50

21562N3904-ON-

Digikey

$1.76/10
items

$8.80
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ND
2n6071A
TRIAC

20

21562N6071A-ONND

Digikey

$0.12

$2.4

Toroidal
transformer

Provided by
Prof. Hedrick

-----------

-----------

-----------

-----------

0.003 ohms
shunt

Provided by
Prof. Hedrick

-----------

-----------

-----------

-----------

ADALM
2000

Provided by
Prof. Hedrick

-----------

-----------

-----------

-----------

$24.19

Amount Spent

Table 3: Cost breakdown of parts purchased

9. User’s Manual

9.1 Zero-Crossing Detector Circuit
Connect pins 1 and 2 of the H11AA1 optocoupler to the secondary side of the stepdown transformer through two 1k ohms resistors. Pin 4 is the collector of the
phototransistor, and it must be connected to a 4.7k ohms limiting resistor, which is
connected to digital pin 2 of the microcontroller and a 9V DC supply. Lastly, Pin 5 of the
optocoupler or the emitter of the phototransistor goes to common ground. Note that the
light emitted by the back-to-back LEDs that are connected to pins 1 and 2 of the
optocoupler, is proportional to the current flowing through the device. A light
connection is used to isolate the microcontroller from the 30.5Vrms supply since the
microcontroller operates at 5V.
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9.2 Microcontroller & Isolation Circuit
Connect the microcontroller to common ground by using any of the ground pins
of the Arduino Mega 2560. The microcontroller operates at 5V and is powered by a USB
cable that is connected to the PC. Then, connect a 500 ohms limiting-resistor to digital
pin 13 of the microcontroller and to pin 1 of the H11a1 optocoupler. Moreover, connect
pin 2 and pin 4 of the H11A1 optocoupler to common ground. Lastly, the collector of the
H11A1 optocoupler is connected to the 9V supply and to the base of the 2N3904
transistor, whose collector goes to the gate of the TRIAC.
9.3 Arduino Code
See appendix D for setting up the Interrupt Service Routine.
9.4 TRIAC and Computer-Set Current Controller
Place the TRIAC at the primary of the toroidal transformer with main terminal 1
connected to the 120VAC supply and the gate connected to the base of the 2N3904
transistor. On the secondary side of the toroidal transformer, place the circuit breaker
under test in series with the 0.003 ohms shunt, and connect the ADALM2000 across
the shunt and to the PC.
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Figure 24: Power Supply
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10. Discussion & Conclusion
The National Fire Association reported a considerable number of domestic fires
caused by circuit breaker malfunctions between 2012 and 2016. Professor Jesse
Aronstein, a consulting engineer who researched the link between circuit breaker
failures and estimated fire losses, discovered that FPE Stab-Lok breakers, which are
installed in many homes across the United States, failed at an abnormally high rate due
to overheating and trip failures. Therefore, the Circuit Breaker Failure Analysis System
is a quick and efficient tool for testing domestic thermal breakers that are currently
installed in electrical circuits.
The goal of this capstone project is to develop a computer-controlled power
supply capable of delivering a variable RMS current to the circuit breakers under test.
The automated system will follow the UL489 test criterion, which is a mandated
procedure put in place by the Underwriters Laboratories for evaluating residential
circuit breakers. The circuit breakers under test will be classified as defective if they trip
beyond the 135% threshold whereas operational circuit breakers trigger at 100 % or
135% of the breakers’ current rating.
The power supply is expected to output 0-60A RMS to the circuit breakers, thus
safety is a major concern. To prevent instances of electrical shock, a 4:1 step-down
transformer is used to bring down the 120VAC supply to 30.5Vrms, and the system is
fully automated such that the user is only required to initiate a test cycle through a
computer-controller. The heat generated by the variable RMS current causes the circuit
breakers to trip, and that heat is dissipated across a 0.0033 ohms shunt connected to an
ADALM2000 A/D converter. Following the UL489 test procedure, the user can
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determine the trip performance of the circuit breaker through the test curves generated
on the computer.
The zero-crossing detector and TRIAC trigger circuits are fully implemented and
they produced satisfactory results. However, there is more work to be done. The zerocrossing detection circuit successfully identifies the points where the AC input crosses
the time axis, as shown in figure 20. The interrupt Service Routine generates an output
pulse on the TRIAC’s gate each time the zero crossings occur, and the trigger angles of
the TRIAC were manually adjusted in the code to test the efficiency of the TRIAC circuit
and the ISR. For every trigger angle, the voltage at the output of the TRIAC circuit can
be calculated using the equation Vload = √ (vpeak *(2π-2φ + sin(2φ) ⁄ 4π)), and the
firing angles are analogous to the time values indicated in figure 16. Lastly, there is an
inverse relationship between the TRIAC’s trigger angle and the variable RMS current at
the output of the power supply. More specifically, the greater the firing angle, the
smaller the current, and vice versa.
In conclusion, the automated system is a useful tool for understanding circuit
breaker testing, and it is simple enough to be utilized by engineers or hobbyists who are
interested in the topic. To finalize the power supply, the toroidal transformer and shunt
must be added to the TRIAC circuit. Lastly, an important question to consider is
whether the power supply can accommodate circuit breakers with current ratings that
are greater than 40A. Then, heat sinks will be added to the TRIAC circuit to prevent it
from overheating.
This capstone project has taught me transferable skills such as time management
and the ability to conduct individual research. More important, I learned to document
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my research findings, which became useful for revisiting unfamiliar concepts
throughout the term.
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Appendices

Appendix A: Calculations for RMS current and voltages at the primary and
secondary sides of the toroidal transformer
● The shunt is rated at 100 mV and 30 A. Therefore, we can find the resistance at
the shunt using Ohm's Law:
𝑉 = 𝐼∗𝑅
𝑅 = 𝑉/𝐼 = 100𝑚𝑉/30 𝐴 = 0.00333Ω
● The highest current rating of the circuit breaker to be tested is 40 A. According to
the UL 489 test standard developed by Underwriter’s Laboratory Inc., any circuit
breaker that is able to sustain 150% of its current rating is defective. Therefore,
taking 150% of 40 A is equal to 60 A. The current at the secondary side of the
toroidal transformer is 60 A, RMS.
𝑃𝑠ℎ𝑢𝑛𝑡 = 𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑏𝑟𝑒𝑎𝑘𝑒𝑟
𝑃𝑠ℎ𝑢𝑛𝑡 = 𝐼

2

𝑅𝑀𝑆

∗ 𝑅𝑠ℎ𝑢𝑛𝑡 = (60)2*(0.00333) = 12 W

● At the secondary side of the toroidal transformer, we have:
𝐼𝑅𝑀𝑆 = 60𝐴
● Since 𝑃𝑠ℎ𝑢𝑛𝑡 = 12 W, then we can compute the power at the secondary side:
𝑃 = 𝐼𝑅𝑀𝑆 ∗ 𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 𝑃/ 𝐼𝑅𝑀𝑆 = 12𝑊/60𝐴 ≈ 1 𝑉
● The power at the secondary side of the transformer is equal to:
𝑃 = 𝐼 ∗ 𝑉 = (60𝐴) ∗ (1𝑉) = 60 𝑊
● Since we are assuming an ideal transformer, the power at the primary side is also
60 W. We know that the input to CSACS is 120V AC. Therefore, we can find the
current at the primary:
𝐼𝑅𝑀𝑆 = 𝑃/𝑉𝑟𝑚𝑠 = 60𝑊/(120𝑉𝑅𝑀𝑆 ) = 0.5 𝐴.
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Appendix B: Image of the shunt placed at the secondary of the toroidal
transformer

Figure 25: Shunt used as a load. The shunt is rated at 10 mV, 30 A, 0.0033Ω

Appendix C: Toroidal transformer placed in computer-set current
controller

Figure 26: Toroidal transformer

Appendix D: Full Arduino Code containing Interrupt Service Routine
byte pin = 2; //define interrupt to pin 2.
volatile int state = LOW; //to make sure that variables shared between the ISR and the main program are
updated correctly, we declare them as volatile.
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void setup() {
// put your setup code here, to run once:
attachInterrupt(digitalPinToInterrupt(pin),TRIAC,RISING);
/*Note that the attachInterrupt command tells the processor which pin to monitor, the ISR, and when to
trigger the interrupt
digitalPinToInterrupt(pin)= attach the interrupt at pin 2.
The Interrupt Service Routine (ISR) is defined as TRIAC.
the Mode is defined as Rising (to trigger the interrupt when pin 2 goes from LOW to HIGH)
*/
pinMode (13, OUTPUT); //Define pin 13 as output
digitalWrite(13,LOW); /*Write a low value or a 0 to the output pin.
Recall that pin 3 is configured as an outpin pin. Then the voltage on pin 3 will be set to 0v
because pin 3 was assigned a low value.
Since there is no voltage on pin 3, then the TRIAC is not triggered
*/
}
void loop() {
// put your main code here, to run repeatedly:
}
/*
* ISR function triggered on zero crossing
*
*/
void TRIAC(){
// delay start of output from zero crossing circuit
// pulse from input pulse (which generated IRQ)
sei();//interrupts are off by default and must be enabled using sei()function
//delay(5);
delayMicroseconds(4167);// delay start of the output
cli();//disable interrupt
//
// set output high to trigger triac
digitalWrite(13,HIGH); //pin 13 equal to the state value
// pause
// set on width of output pulse
sei();//enable interrupt
delayMicroseconds(1500);//width of the output pulse
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cli();//disable interrupt

//bring pin low again
digitalWrite(13, LOW); //pin 13 equal to the state value

}
Appendix E: ADALM2000 pinout

Figure 27: ADALM200 A/D converter pinout
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Appendix F: H11AA1 Optocoupler datasheet
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Appendix G: H11A1 optocoupler datasheet
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Appendix H: 2N6071A TRIAC datasheet
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Appendix I: 2N3904 transistor datasheet

55

Circuit Breaker Failure Analysis System

56

Circuit Breaker Failure Analysis System

57

Circuit Breaker Failure Analysis System

Appendix J: Acknowledgement
Professor James Hedrick: Thank you for your continued support and patience
during the fall and winter trimesters. I learned a lot from your engineering expertise,
and I will continue to apply the skills that I have acquired in my future endeavors.
The ECBE Department and the SRG committee: Thank you for granting me the
funds to purchase the parts needed for the project.

58

